Determination of Chromium(VI), Vanadium(V), Selenium(IV) and Zinc(II) in the City of Cape Town's potable water by stripping voltammetry at boron doped diamond electrodes by Fillis, Ismarelda Rosaline
Determination of Chromium(VI), Vanadium(V), Selenium(IV) and 
Zinc(II) in the City of Cape Town’s potable water by stripping 
voltammetry at boron doped diamond electrodes 
 
 
 
 
Ismarelda Rosaline Fillis 
 
 
 
 
A thesis submitted in fulfilment of the requirements for the degree of Magister 
Scientiae in the Department of Chemistry, University of the Western Cape. 
 
 
 
 
Supervisor: Prof. P.  Baker 
 
 
NOVEMBER 2011 
 
 
 
 
 2 
 
Determination of Chromium(VI), Vanadium(V), Selenium(IV) and 
Zinc(II) in the City of Cape Town’s potable water by stripping 
voltammetry at boron doped diamond electrodes 
 
Ismarelda Rosaline Fillis  
 
KEYWORDS 
Chromium 
Vanadium 
Selenium 
Zinc 
Trace metals 
Inductively Coupled Plasma Optical Emission Spectrometry 
Boron-doped diamond electrode 
Square wave voltammetry 
Potable water 
 
 
 
 
 3 
 
ABSTRACT 
 
The main aim of this study is to investigate theelectrochemical determination of 
two beneficial (selenium and zinc) and two toxic (chromium and vanadium) 
metals in the potable water within the City of Cape Town’s distribution area.   
The Water Laboratory of the City’s Scientific Services Branch analyses for these 
metals in their elemental state, using the Inductively Coupled Plasma Optical 
Emission Spectrometer (ICP-OES). This is a standard method used for the 
detection of trace metals.  
The most sensitive voltammetric method for determining these metals is by 
adsorptive stripping voltammetry, using a thin mercury film electrode with a 
glassy carbon support. This voltammetric method is used for quantitative 
determination of specific ionic species.Because of mercury’s toxicity it is not 
really favoured for trace metals anymore. Many other possibilities are under 
investigation, e.g. bismuth-film, modified glassy carbon and antimony electrodes. 
The boron-doped diamond (BDD) electrode has distinct advantages when used to 
determine metal concentrations. Advantages of BDD electrodes include lower 
detection limit, speciation and wider potential window. In this study cyclic 
voltammetry (CV) was used to determine the copper, cadmium and lead 
concentrations in potable water by means of square wave voltammetry (SWV) 
and a bare glassy carbon electrode (GCE). Furthermore, a boron-doped diamond 
electrode (BDDE) was used to investigate the possibilities of determining 
selenium, chromium and vanadium by SWV. 
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Real samples (potable water samples) were analysed electrochemically to qualify 
and quantify these metals and determine whether they comply with the SANS 
241:2006 drinking water guidelines.The copper, cadmium, lead and selenium 
peaks appear very close to the theoretical values, which indicate that these metals 
can be detected by SWV method, but further analysis with more samples is 
advised. Even though responses were observed for vanadium and chromium, it 
was not reliable and requires further investigation. Further studies into the 
analyses of zinc are also advised. 
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CHAPTER 1 
 
1. Introduction 
1.1. Trace metals in water 
Trace metals in nature, and especially in water, has been a subject of great interest 
over the past few years. The sources of heavy metals in water systems have 
mainly been attributed to manmade sources, such as waste discharge (effluent) 
and stack emissions from industries[1]. Other sources include leachates from 
contaminated soil. This results in the contamination of fresh water resources and 
bioaccumulation of toxins in the human food chain. Trace metals are present in 
different oxidation states (which can be either toxic or beneficial) and therefore, 
their presence in nature must be monitored. As different forms of an element may 
display differing toxicities and mobilities in the environment, it is of importance 
to be able to distinguish between the individual species present in a particular 
sample[2]. This need has compelled scientists to continuously develop methods to 
speciate a metal and quantify its presence in nature. 
Trace metals of particular interest in water include copper (Cu), cadmium (Cd), 
lead (Pb), chromium (Cr), selenium (Se), vanadium (V) and zinc (Zn). 
Copper normally presents as either natural copper or as part of a mineral. It is 
most commonly present asCu+ and Cu2+[3]. Copper is an important trace element 
that is vital to the health of humans, plants, animals and microorganisms. It is 
needed for the correct functioning of organs and metabolic processes of humans. 
Copper(II) ions are water-soluble and function at low concentrations as 
fungicides, wood preservatives and inhibits the growth of bacteria. In sufficient 
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amounts these ions are poisonous to humans. Copper toxicity can occur from 
ingesting acid food that has been cooked in uncoated copper cookware or from 
exposure to excess copper in drinking water or other environmental sources. The 
oxidation potential of copper may be responsible for some of its toxicity in excess 
ingestion cases. 
Cadmium’s most common oxidation state is +2 and it has no known beneficial 
role in humans[4]. Human exposure to cadmium in the environment is mainly the 
result of fossil fuel combustion, phosphate fertilizers, natural sources, iron and 
steel production. Traces of cadmium occur naturally in phosphate and it has been 
known to transmit in food through fertilizer application. Mining operations can 
contaminate water sources with cadmium, which in turn can contaminate food 
sources that are consumed by humans. A high concentration of cadmium in the 
human body is detrimental to the kidneys[5]. 
Metallic lead is not found in nature but is usually found in ore with zinc, silver 
and copper, and is extracted together with these metals. The main lead mineral is 
galena (PbS), while other common varieties include cerussit (PbCO3) and 
anglesite (PbSO4). Lead is a powerful neurotoxin which accumulates both in soft 
tissue and the bones. Long-term exposure of adults can cause weakness in fingers, 
wrists, or ankles. Lead exposure also causes small increases in blood pressure and 
can cause anemia. Lead exposure mainly occurs through ingestion, which can 
occur through fruits and vegetables contaminated by high levels of lead in the soil. 
The soil can be contaminated due to lead in pipes, lead dust from old paints and 
residential lead from petrol with lead[2]. Lead as a soil contaminant is a common 
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issue since lead is present in natural deposits and may also enter the soil through 
leaded petrol leaks from underground storage tanks. 
Chromium is a transition metal that occurs mainly in the +2, +3, and +6 oxidation 
states, with +3 being the most stable. It is a naturally occurring metal found in 
small quantities linked with other metals, particularly iron[2]. Chromium 
compounds are found in the environment, due to erosion of chromium-containing 
rocks and can be distributed by volcanic eruptions. Because of its excessive use in 
industrial processes, mainly steel manufacturing, paint and pigment production 
and tannery, large quantities of chromium are discharged into the environment 
and enter the human body through consumption of water[6]. Cr(III) is known as 
an essential nutrient while Cr(VI) is a mutagen and carcinogen and is more 
soluble, and therefore more portable than Cr(III). 
Selenium occurs naturally in several inorganic forms, including selenide, selenate 
and selenite[7]. Selenium often occurs in soils in soluble forms such as selenate, 
which are leached into rivers by runoff. Selenium forms two oxides: selenium 
dioxide (SeO2) and selenium trioxide (SeO3). Although toxic in large doses, 
selenium is an essential micronutrient for animals and humans. In plants, it occurs 
as a bystander mineral, sometimes in toxic proportions in forage (some plants may 
accumulate selenium as a defence against being eaten by animals). In humans, 
selenium is a trace element nutrient that functions as cofactor for reduction of 
antioxidant enzymes, such as glutathione peroxidases and certain forms of 
thioredoxin reductase found in animals and some plants. Selenium is also required 
for the functioning of the thyroid gland and in every cell that uses thyroid 
hormone, by participating as a cofactor for the three known thyroid hormone 
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deiodinases, which activate and then deactivate various thyroid hormones and 
their metabolites. 
Metallic vanadium does not exist in nature, but it can be found in about 65 
different minerals. The common oxidation states of vanadium are +2, +3, +4 and 
+5. V(II) compounds are reducing agents, and V(V) compounds are oxidizing 
agents. All vanadium compounds should be considered to be toxic. Tetravalent 
VOSO4 has been reported to be over 5 times more toxic than trivalent V2O3[8]. 
Zinc is commonly present in its +2 oxidation state. Zinc is an essential trace 
element, necessary for sustaining all animal life and is believed to help plants 
resist drought and disease. Concentrations of zinc as low as 2 ppm negatively 
affects the amount of oxygen that fish can carry in their blood[9]. Therefore 
effective sewage treatment could greatly reduce this. Levels of zinc in excess of 
500 ppm in soil interfere with the ability of plants to absorb other essential metals, 
such as iron and manganese. Even though zinc is an essential requirement for a 
healthy body, excess zinc can be harmful as excessive absorption of zinc 
suppresses copper and iron absorption. 
 
1.2. Analysis of water samples 
In most cases pre-treatment of the sample is required in order to isolate oxidation 
states of interest. Thereafter analysis of the particular species is possible. Some of 
the most common isolation methods include pre-concentration of the metal by 
digestion (either acid or microwave digestion), ion-exchange chromatography, 
reverse phase high performance liquid chromatography, co-precipitation and 
complexation[10]. 
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Over the years many methods have been developed to qualify and quantify trace 
metals. One of the most conventional methods used today is atomic spectroscopy. 
These methods involve the atomization of a sample into atoms and ions. This 
atomization step can have a large influence on the sensitivity, precision and 
accuracy of the method. Typical methods of atomization are inductively coupled 
plasmas, flames and electrothermal atomizers. In most industries Inductively 
Coupled Plasma methods are used which employs optical atomic spectrometry 
and atomic mass spectrometry. When coupled with a Mass Spectrometer the 
sensitivity is increased and the detection of the speciated metal is made possible. 
Hyphenated techniques involving ICP-MS are some of the fastest growing 
research and application areas in speciation analysis[7]. Another trusted method is 
Atomic Absorption Spectrometry.  
Because of some of the limitations of the spectroscopic methods, electrochemistry 
has been considered as a cheaper, faster and more user-friendly alternative. Many 
electrochemical techniques have been used to determine trace metals in water 
samples, due to the high sensitivity of the techniques. Stripping voltammetry and 
SWV have been identified as the most sensitive electrochemical techniques 
employed.  
This study will investigate the current spectroscopic method employed (ICP-OES) 
in the City of Cape Town’s Scientific Services Laboratory and an electrochemical 
method that can compare with or even better the results currently obtained with 
the ICP-OES. 
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CHAPTER 2 
 
2. Conventional Methods of Determining Trace Metals in Water 
All conventional methods of determining trace metals in water will be reviewed,  
in order to determine which method is best suited to the analytes of interest in 
potable water. 
2.1. Atomic Absorption Spectroscopy 
2.1.1. Method Principles 
Atomic Absorption Spectroscopy (AAS) is a technique that makes use of 
absorption spectrometry to measure the concentration of an analyte in a sample. It 
requires standards with known analyte content to establish the relation between 
the measured absorbance and the analyte concentration and therefore uses the 
Beer-Lambert Law. The electrons of the atoms in the atomizer are promoted to an 
excited state by absorbing a defined radiation of a given wavelength. This 
wavelength is specific to a particular electron transition in a particular element. 
Each wavelength corresponds to a specific element, which gives the technique its 
elemental selectivity. The radiation change without a sample and with a sample in 
the atomizer is measured using a detector, and the ratio between the two values 
(the absorbance) is converted to analyte concentration or mass using the Beer-
Lambert Law. 
In order to analyse a sample for its atomic constituents, it has to be atomized. The 
most commonly used atomizers nowadays are flames and electrothermal 
atomizers. The atoms are irradiated by optical radiation, and the radiation source 
could be an element-specific line radiation source or a continuum radiation 
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source. The radiation then passes through a monochromator in order to separate 
the element-specific radiation from any other radiation emitted by the radiation 
source, which is finally measured by a detector. 
 
The oldest and most commonly used atomizers in AAS are flames, principally the 
air-acetylene flame with a temperature of about 2300 °C and the nitrous oxide 
(N2O)-acetylene flame with a temperature of about 2700 °C. The latter flame 
offers a more reducing environment, being ideally suited for analytes with high 
affinity to oxygen. 
Liquid or dissolved samples are typically used with flame atomizers. The sample 
solution is aspirated by a pneumatic nebulizer, converted into an aerosol, which is 
introduced into a spray chamber, where it is mixed with the flame gases and 
conditioned in a way that only the finest aerosol droplets (< 10 µm) enter the 
flame. This conditioning process is responsible that only about 5% of the 
aspirated sample solution reaches the flame, but it also guarantees a relatively 
high freedom from interference. 
On top of the spray chamber is a burner head that produces a flame that is 
sideways long (usually 5–10 cm) and only a few mm deep. The radiation beam 
passes through this flame at its longest axis, and the flame gas flow-rates may be 
adjusted to produce the highest concentration of free atoms. The burner height 
may also be adjusted, so that the radiation beam passes through the zone of 
highest atom cloud density in the flame, resulting in the highest sensitivity. 
Each of these stages includes the threat of interference in case the degree of phase 
transfer is different for the analyte in the calibration standard and in the sample. 
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Ionization is generally unwanted, as it reduces the number of atoms that is 
available for measurement, i.e., the sensitivity. In flame AAS a steady-state signal 
is generated during the time period when the sample is aspirated. This technique is 
typically used for determinations in the mg/L range, and may be extended down to 
a few µg/L for some elements. 
Electrothermal AAS (ET AAS) uses graphite tube atomizers, which are typically 
20–25 mm in length and 5–6 mm inner diameter. With this technique 
liquid/dissolved, solid and gaseous samples may be analysed directly. A measured 
volume (typically 10–50 µL) or a weighed mass (typically around 1 mg) of a solid 
sample are introduced into the graphite tube and subject to a temperature program. 
The graphite tubes are heated via their ohmic resistance using a low-voltage high-
current power supply; the temperature in the individual stages can be controlled 
very closely, and temperature ramps between the individual stages facilitate 
separation of sample components.  
 
In classical line source AAS (LS AAS), the high spectral resolution required for 
AAS measurements is provided by the radiation source itself that emits the 
spectrum of the analyte in the form of lines that are narrower than the absorption 
lines. It has the disadvantage that usually a separate lamp is required for each 
element that has to be determined. In continuum source AAS (CS AAS) a single 
lamp, emitting a continuum spectrum over the entire spectral range of interest is 
used for all elements. A high-resolution monochromator is required for this 
technique. 
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In LS AAS the high resolution that is needed for the measurement of atomic 
absorption is provided by the narrow line emission of the radiation source, and the 
monochromator only has to resolve the analytical line from other radiation 
emitted by the lamp. This can usually be accomplished with a band pass between 
0.2 and 2 nm, i.e., a medium-resolution monochromator. Another feature that 
makes LS AAS element-specific is modulation of the primary radiation and the 
use of a selective amplifier that is tuned to the same modulation frequency. This 
way any (unmodulated) radiation emitted for example by the atomizer can be 
excluded, which is vital for LS AAS. Photomultiplier tubes are the most 
frequently used detectors in LS AAS, although solid state detectors are also used 
because of their better signal-to-noise ratio. 
When a continuum radiation source is used for AAS measurement it is necessary 
to work with a high-resolution monochromator. The resolution has to be equal to 
or better than the half width of an atomic absorption line (about 2 pm) in order to 
avoid losses of sensitivity and linearity of the calibration graph[11-14]. 
 
2.1.2. Limitations/ shortcomings of AAS 
The disadvantage of line source AAS is that usually a separate lamp is required 
for each element that has to be determined. For continuum source AAS a high-
resolution monochromator is required. 
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2.2. Inductively Coupled Plasma – Optical Emission Spectrometry 
2.2.1. Method principles 
Inductively Coupled Plasma – Optical Emission Spectrometry (ICP-OES) is one 
of the most extensively used techniques for measuring concentrations of major, 
minor and trace elements in their elemental state. The technique is very robust and 
capable of analysis of a wide range of elements in very diverse sample matrices.  
Analysis on the ICP-OES can be done in the ppb range. 
 
Table 1:Typical applications of ICP-OES [15] 
Market Typical Applications 
Environmental Water 
Soil 
Chemical/ Industrial Quality control/ Product testing 
Geochemical/ Mining Exploration 
Research 
Food Food Safety 
Nutritional safety 
Agriculture Soils 
Nuclear Low-level waste 
Process water 
Sustainable energy Biofuels 
Solar panels 
Hydrocarbon Processing Petroleum refining 
Lubricants and oils 
Pharmaceutical Quality control 
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In ICP-OES analyte atoms are excited by means of a plasma. A plasma is a 
conducting gaseous mixture containing a significant measure of cations and 
electrons. The inductively coupled plasma source consists of three concentric 
quartz tubes through which streams of argon flow. Around the top of the largest 
tube is a water-cooled induction coil powered by a radio-frequency generator. 
Ionization of the flowing argon is initiated by a spark from a Tesla coil. The 
resulting ions and their associated electrons then interact with the fluctuating 
magnetic field produced by the induction coil. The temperature of the plasma is 
high enough that it must be thermally isolated. This isolation is achieved by 
flowing argon tangentially around the walls of the tube. The tangential flow cools 
the inside of the central tube and centers the plasma radially. The plasma can be 
viewed radial, i.e. at right angles, or axial, where the torch is turned 90 degrees. 
The most common means of sample introduction is the concentric glass nebulizer. 
The sample is transported to the tip of the nebulizer where it is aspirated. The high 
velocity gas breaks up the liquid into fine droplets of various sizes, which are then 
carried into the plasma. 
The typical plasma has a very intense, brilliant white opaque core topped by a 
flame-like tail. The core of the plasma extends a few millimetres above the tube 
and produces a spectral continuum, with the atomic spectrum of argon 
superimposed. In the region 10 to 30 mm above the core, the continuum fades and 
the plasma becomes slightly transparent. Spectral observations are commonly 
made 15 to 20 mm above the induction coil. Many of the most sensitive analyte 
lines in this region of the plasma are from ions such as Ca+, Cd+, Cr+ and Mn+. 
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Above the second region the “tail flame” can be observed when easily excitable 
elements such as sodium or caesium are introduced. This lower temperature 
region can be used to determine easily excitable elements such as alkali metals. 
Atomic or ionic emission from the plasma is separated into its constituent 
wavelengths by means of a monochromator, polychromator or a spectrograph. 
The monochromator isolates one wavelength at a time at a single exit slit. The 
polychromator isolates several wavelengths simultaneously at multiple exit slits. 
The spectrograph provides a large aperture at its output to allow a range of 
wavelengths to exit. The isolated radiation is converted into electrical signals by a 
single transducer, multiple transducers or an array detector. The electrical signals 
are processed and provided as input to a computer system[12-13, 15]. 
 
 
Figure 1: Diagram of ICP-OES[16] 
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Table 2: Metals that can be analysed and their detection limits[15] 
Element 
Detection 
Limit 
(µg/L) 
Element 
Detection 
Limit 
(µg/L) 
Element 
Detection 
Limit 
(µg/L) 
Ag 0.6 In 1 S 10 
Al 1 Ir 1 Sb 2 
As 2 K 1 Sc 0.1 
Au 1 La 0.4 Se 3 
B 1 Li 0.3 Si 10 
Ba 0.03 Mg 0.04 Sm 2 
Be 0.09 Mn 0.1 Sn 2 
Bi 1 Mo 0.5 Sr 0.05 
Ca 0.01 Na 0.5 Ta 1 
Cd 0.1 Nb 1 Tb 2 
Ce 1.5 Nd 2 Te 2 
Co 0.2 Ni 0.5 Th 2 
Cr 0.2 Os 6 Ti 0.4 
Cu 0.4 P 4 Tl 2 
Er 0.5 Pb 1 U 10 
Fe 0.1 Pd 2 V 0.5 
Ga 1.5 Pr 2 W 1 
Gd 0.9 Pt 1 Y 0.2 
Ge 1 Rb 5 Yb 0.1 
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Element 
Detection 
Limit 
(µg/L) 
Element 
Detection 
Limit 
(µg/L) 
Element 
Detection 
Limit 
(µg/L) 
Hf 0.5 Re 0.5 Zn 0.2 
Hg 1 Rh 5 Zr 0.5 
Ho 0.4 Ru 1     
 
 
2.2.2. Difficulties associated with ICP-OES 
Although the technique is excellent for the analysis of a wide range of elements it 
has a few drawbacks. The emission spectra are complex and inter-element 
interferences are possible if the wavelength of the element of interest lies very 
close to another element.  For some samples sample preparation is very complex, 
compared to other techniques.  The detection limits for certain metals on the ICP-
OES are not low enough for certain applications, as in the case of environmental 
monitoring of trace metals. Speciation analysis on the ICP-OES is also not 
probable. The capital and operating cost of the instrument is high and portability 
of the instrument is impossible[17-20]. 
 
2.2.3. Recent developments in ICP-OES determination of trace metals 
More recently the direct use of the ICP-OES to determine trace metals has been 
shelved in favour of methods involving pre-treatment of the sample prior to 
introduction to the ICP-OES. In one study a chitosan ordered mesoporous silica 
was modified and used as a solid phase extraction material for flow injection 
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micro-column preconcentration, which was coupled with the ICP-OES to 
determine vanadium, copper, lead, cadmium and mercury in environmental water 
samples[21]. Cui, et al. employed alumina hollow fibre to do  membrane solid 
phase microextraction, which was coupled to the ICP-OES to determine trace 
amounts of copper, manganese and nickel in environmental waters[22]. This study 
achieved detection limits in the ppb range. Pre-treatment is usually done on-line, 
coupled with the ICP-OES and affords the quick simultaneous determination of 
trace metals. Lower detection limits are achieved and the method is more specific 
because the sample matrix is not as complex as when the sample is introduced 
without pre-treatment. Matrix interferences are therefore eliminated. 
 
2.3. Inductively Coupled Plasma Mass Spectrometry 
Inductively coupled plasma mass spectrometry (ICP-MS) is based on coupling 
together an inductively coupled plasma as a method of producing ions (ionization) 
with a mass spectrometer as a method of separating and detecting the ions.  The 
technique is very sensitive and capable of the determination of a range of metals 
and several non-metals at concentrations below one part in 1012 (part per trillion).  
In trace elemental analysis, the method has advantages of high speed, precision 
and sensitivity compared to atomic absorption techniques. The range of 
applications outstrips that of ICP-OES and includes isotopic speciation.  
For connection to mass spectrometry, the ions from the plasma are extracted 
through a series of cones into a mass spectrometer. The ions are separated on the 
basis of their mass-to-charge ratio and a detector receives an ion signal 
proportional to the concentration[12-14]. 
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The concentration of a sample is determined through calibration with certified 
reference materials, e.g. single or multi-element reference standards. ICP-MS also 
offers quantitative determinations through Isotope Dilution[23-24]. 
Speciation of certain metals such as chromium and arsenic has become a growing 
trend in the world of elemental analysis. One of the main techniques to achieve 
this is to use an ICP-MS in combination with an HPLC.  
 
2.3.1. Limitations/ shortcomings of ICP-MS 
ICP-MS analysis of lower concentrations at the same time is more predisposed to 
disruption by trace contaminants in laboratory ware and reagents used. Specific 
analytes struggle with interferences exclusive to the ICP-MS technique. 
Verification of analysis results therefore requires additional effort.  
The ions formed by the ICP discharge are typically positive ions, M+ or M2+, 
therefore, elements that prefer to form negative ions, such as Cl, I, F, etc. are very 
difficult to determine via ICP-MS. 
The detection competencies of the technique can fluctuate with the sample 
introduction technique used, as different techniques will allow differing amounts 
of sample to reach the ICP plasma. 
Detection capabilities also vary with the sample matrix, which may affect the 
degree of ionization that will occur in the plasma or allow the formation of species 
that may interfere with the analyte determination. 
Due to the small diameters of the orifices in the sampler and skimmer cones, ICP-
MS has a few limitations as to the amount of total dissolved solids in the samples. 
If samples with very high TDS levels are run, the orifices in the cones will 
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ultimately become blocked, decreasing the sensitivity and detection ability and 
necessitating the system to be shut down for maintenance[12-14].  
 
2.4. Stripping Voltammetry 
Stripping voltammetry is a voltammetric method for quantitative determination of 
specific ionic species. The analyte of interest is electroplated on the working 
electrode during a deposition step, and oxidized from the electrode during the 
stripping step, during which the current is measured. The oxidation of the species 
is recorded as a peak in the current signal at the potential at which the species 
begins to be oxidized. The stripping step can be either linear, staircase, square 
wave, or pulse. 
Stripping voltammetry usually incorporates three electrodes, i.e. a working 
electrode, auxiliary electrode (also known as the counter electrode), and reference 
electrode. An electrolyte is usually added to the solution being analyzed. Most 
recently a mercury film electrode has been used a working electrode. The mercury 
film forms an amalgam with the analyte of interest, which upon oxidation results 
in a sharp peak, improving resolution between analytes. The mercury film can be 
formed over a GCE. A mercury drop electrode has also been used. In instances 
where the analyte of interest has an oxidizing potential above that of mercury, or 
where a mercury electrode would be otherwise unsuitable, a solid, inert metal 
such as silver, gold, or platinum may also be used. 
Stripping voltammetry typically consists of 4 steps and the solution incorporates 
stirring. The solution is stirred during the first two steps at a recurring rate. The 
first step is a cleaning step. In the cleaning step, the potential is held at a more 
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oxidizing potential than the analyte of interest for a period of time in order to fully 
remove it from the electrode. In the second step, the potential is held at a lower 
potential, low enough to reduce the analyte and deposit it on the electrode. After 
the second step, the stirring is stopped, and the electrode is kept at the lower 
potential. The function of this third step is to allow the deposited material to 
distribute more evenly in the mercury. If a solid inert electrode is used, this step is 
unnecessary. The last step involves raising the working electrode to a higher 
potential (anodic), and stripping (oxidizing), the analyte. As the analyte is 
oxidized, it gives off electrons which are measured as a current[25-28]. 
 
 
 
Figure 2: Potential as a function of time for anodic stripping voltammetry 
 
2.4.1. Electrodes employed in stripping voltammetry for trace metal 
analysis 
Mercury electrodes have been primarily used for trace metal analysis by stripping 
voltammetry. These are used as either a hanging drop mercury electrode (HDME) 
or mercury film electrode. The HDME produces a partial mercury drop of 
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controlled geometry and surface area at the end of a capillary. The analyte of 
interest forms an amalgam with this static surface. The HDME is self-renewing 
and can release the contaminated drop and grow a clean drop between each 
experiment. Boussemart, et al.[29]employed a HDME to determine chromium 
speciation in sea water using catalytic cathodic stripping voltammetry (CSV). 
They preceded the CSV by adsorptive collection of complex species with 
diethylenetriaminepentaacetic acid (DTPA) on the HDME. A mercury film 
electrode employs the same principles as the HDME with the distinction that a 
mercury film is formed over a GCE[13, 25, 27-28]. Because of mercury’s toxicity 
the HDME has recently not been the electrode of choice for trace metal analysis. 
Although mercury electrodes are still in use [30], much research has gone into 
non-toxic alternatives. 
 
Most non-toxic electrodes involve the forming of a film over a GCE. One such 
electrode is the bismuth film electrode, as proven for the determination and 
speciation of chromium[17]. Many successes have been achieved with this 
electrode, as in the case of Wang, et al.[31], where a bismuth film electrode was 
used for the determination of trace vanadium in groundwater. Laschi, et al. 
determined trace lead in river water samples by means of a gold-based screen-
printed sensor [32].  
 
BDDEs are produced by immobilisation of conducting diamond particles into a 
substrate. Boron-doped diamond particles with a particle size between about 100 
and 200 µm are used for this purpose. These electrodes have a wide potential 
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window (approx. 3.5 V) which can be used for electrochemical reactions in 
aqueous electrolytes. This gives it a great advantage over common electrode 
materials [33]. BDDEs can also be distinguished from conventional electrode 
materials by their low background currents, good electron-transfer kinetics, and 
surface inertness, which resultin high resistance to deactivation. The electrode is 
resistant to fouling and can be reused multiple times [34-36]. Dragoe, et al[37] has 
proven that the BDDE is effective as an alternative to mercury in the detection of 
trace levels of lead by linear-sweep stripping voltammetry. 
 
2.5. Square wave Voltammetry 
SWV is a pulse method that is derived from polarography. Pulse methods were 
first developed in the 1950s to improve the sensitivity of polarographic 
measurements.   
In this technique, a potential waveform is applied to the working electrode. Pairs 
of current measurements are then made; these measurements are made for each 
cycle.  
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Figure 3: Square wave voltammogram obtained for the electro-reduction of a 
ferric oxalate complex (5 x 10-4 mol dm-3) in aqueous oxalate buffer; τ = 33.3 ms, 
Esw = 30 mV and ∆E = 5 mV[38]. 
 
The current related with the forward part of the pulse is called Iforward, while the 
current related with the reverse part is Ireverse. A square wave voltammogram is 
then a graph of the difference between these two currents as a function of the 
applied potential.  
In the square wave voltammogram for the reduction of an analyte (for a reversible 
system) the height of the peak is directly proportional to analyte concentration, so 
Idifference is the analytical signal measured. 
SWV presents several advantages. Firstly, it can be observed that Idifference is larger 
than either Iforward or Ireverse, so the height of the voltammetric peak is usually quite 
easy to read, thereby increasing the accuracy.  
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The second advantage of the square wave method is the way that capacitive 
contributions to the overall current are minimized, and so the scan rate can be 
increased. 
Thirdly, oxygen does not need to be excluded from the analyte solution. Provided 
the voltammetric peak is more cathodic than that for the reduction of oxygen, then 
the size of both Iforward orIreverse will incorporate an equal current due to the 
reduction of O2. Since Iforward(O2) and Ireverse(O2) are equal, they cancel out and 
Idifference is seen to be free from the oxygen concentration in the analyte 
solution[12]. 
 
2.6. Definition of SANS 241 
SANS 241 is South Africa’s drinking water quality standard that specifies the 
quality of acceptable drinking water (numerical limits). It is defined in terms of 
microbiological, physical, aesthetic and chemical determinants at the point of 
delivery. Water that complies with SANS 241 is deemed to present an acceptable 
health risk over a lifetime of consumption. The overall objective is the protection 
of public health. It is applied nationally and is not site-specific. SANS 241 is 
aligned to WHO limits. According to SANS 241:2006[39] drinking water is 
monitored to lie within two class specifications, i.e. Class I and Class II. The 
SANS 241:2006 specifications for the determinants of interest are listed below. 
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Table 3:SANS 241:2006 specifications 
Determinant Class I Class II 
Cu (µg/L) < 1 000 1 000 - 2 000 
Cd (µg/L) < 5 5 - 10 
Pb (µg/L) < 20 20 - 50 
Cr (µg/L) < 100 100 - 500 
Zn (mg/L) < 5.0 5.0 - 10 
V  (µg/L) < 200 200 - 500 
Se (µg/L) < 20 20 - 50 
 
 
2.7. ISO/IEC 17025:2005 – General requirements for the competence of 
testing and calibration laboratories 
The ICP-OES method is currently used in an ISO 17025 accredited.The ISO/IEC 
17025 standard requires methods, policies and standard operating procedures be 
set up and that all laboratory staff adhere to these controlled documents[40]. 
Methods can be standard, related to a standard method or laboratory-developed 
methods and must be in line with General Laboratory Practice. Methods are 
required to be monitored by means of quality controls, to ensure that the methods 
remain fit for use. Regular calibrations and monitoring of the instrumentation is 
also required. Operators of the instrumentation must be competent and their 
competence must be continually assessed.  
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2.8. Comparison of ICP-OES and electrochemical methods 
Table 4:Advantages of electrochemistry as compared to ICP-OES[17-20] 
Electrochemistry ICP-OES 
Voltammograms are easy to interpret Emission spectra are complex 
Little or no sample preparation required 
for most samples 
Sample preparation for some samples 
are more complex 
Lower detection limits possible 
Detection limits for certain metals are 
not low enough for certain applications 
Speciation analysis possible Speciation analysis not probable 
Low capital and operating costs Capital and operating cost is high 
Very robust and portable technique Portability is impossible 
 
Even though the ICP-OES method complies with all the standards and guidelines 
mentioned (SANS 241:2006 and ISO/IEC 17025:2005) it still has room for 
improvement. An area which requires improvement is the capital cost of the ICP-
OES, which in some instances can be extremely high. In the case of 
environmental monitoring of trace metals this method has shown that the 
detection limits are not low enough and speciation analysis is also not probable. 
For this reason, hyphenated methods are employed, e.g. ICP-MS and these add-
ons, which increase analyses capabilities, are also very costly. Samples require 
pre-treatment, which adds to the running costs, as well as increasing the analysis 
time. The ICP-OES sample spectra are also very complex at times. Because of the 
instrument’s bulk and bench-top only capabilities, its portability becomes a 
drawback. 
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Therefore, the investigation into a method that can improve on the ICP-OES 
capabilities and bridge its disadvantages. When looking at the electrochemistry, it 
offers to potable water monitoring what the ICP-OES can, but it goes above and 
beyond by filling the gaps identified with the ICP-OES method. The set-up and 
operational costs for electrochemical techniques are very low and little or no 
sample pre-treatment is required. Lower detection limits and speciation analysis is 
possible with electrochemistry. The spectra are easy to interpret and the 
instrumentation is robust and easily portable. 
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CHAPTER 3 
 
3. Experimental Methods of Investigation 
This chapter outlines the experimental protocol used for the current research 
investigation with regard to materials and instrumentation used. 
3.1. ICP-OES analysis 
Samples are taken at various sampling taps around the peninsula on a weekly 
basis. Together, these sampling points form the distribution sampling network 
(potable water).  At each point, unless the tap is running, the sample tap is run 
strongly to waste for a period of 3 minutes. The flow is turned down so that there 
is a steady stream of water without spraying. A 1 litre glass bottle is rinsed clean 
with sample water and the rinse water is discarded. The sample is collected by 
holding the mouth of the bottle under the water flow. The bottle is filled to the top 
and the cap is replaced securely. Samples are not stored or transported under 
elevated temperature conditions (e.g. in direct sunlight or left for prolonged 
periods in vehicles). 
On delivery to the laboratory, the sample is received by the laboratory. Various 
analyses are performed on the sample, one of which is ICP analysis. For the ICP 
analysis 0.5 mL of 10M nitric acid is added to 50mL of sample (1% v/v). The 
ICP-OES is calibrated before each run of samples. Quality controls are analysed 
throughout the sample run, as a means of quality assurance. The samplesare then 
analysed. 
 
 
 
 
 
 
 3.2. Cyclic voltammetry
CV was performed on copper, cadmium and lead standard solutions using a glassy 
carbon working electrode, platinum auxiliary electrode and a Ag/AgCl reference 
electrode. The cell set
 
 
Figure 4: Cell set-up for BA
 
20 ppm standard solutions were prepared from 1000 ppm copper, cadmium and 
lead solutions, using 0.1 M HCl. A voltammogram (with the parameters set out 
below) was run for 10
 
CV parameters 
Equipment used: BAS100W potentiostat
Working electrode: GCE
Initial potential (mV): 
 
analysis 
-up was as follows: 
 
S100W potentiostat[41] 
 mL 0.1 M HCl (HCl blank).  
 
 
-1000 
38 
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Final potential (mV): 0 
Sensitivity (µA/V): 10 
Scanrate (mV/s): 100 
 
A cyclic voltammogram (with the same parameters as the HCl blank above) was 
run for 1 mL of each standard solution. 
 
3.3. Copper, cadmium and lead by means of SWV on the Metrohm VA 
Computrace 
The copper, cadmium and lead determinations were performed by SWV on the 
Metrohm VA Computrace analyser using a glassy carbon working electrode 
(GCE), platinum auxiliary electrode and a Ag/AgCl reference electrode. The cell 
set-up was as follows[42]: 
 
 
 
Figure 5: Cell set-up for Metrohm VA Computrace 
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20 ppm standard solutions were prepared from 1000 ppm copper, cadmium and 
lead solutions, using 0.1 M HCl. A voltammogram (with the parameters set out 
below) was run for 20 mL 0.1 M HCl (HCl blank).  
Square wave parameters 
Equipment used: Metrohm VA Computrace analyser  
Working electrode: GCE 
Highest current: 1 mA 
Lowest current: 100 µA 
Electrode: RDE/SSE 
Stirrer (rpm): 1000 
Purge time (s): 600 (initial)/ 10 (thereafter) 
Conditioning cycles 
- Start potential (V): -1.2 
- End potential (V): 0.3 
- No. of cycles: 10 
Pre-treatment 
- Cleaning potential (V): 0.3 
- Cleaning time (s): 60 
- Deposition potential (V): -1.3 
- Deposition time (s): 120 
- Equilibrium time (s): 10 
Sweep 
- Start potential (V): -1.3 
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- End potential (V): 0.1 
- Voltage step (V): 0.005035 
- Amplitude (V): 0.02502 
- Frequency (Hz): 50 
- Sweep rate (V/s): 0.2518 
 
A calibration curve was constructed for copper, using the standard addition 
method. Eight aliquots of 20 µL copper were added to 20 mL 0.1 M HCl, up to a 
maximum of 160 µL (total volume added). A square wave voltammogram (with 
the same parameters as the HCl blank above) was run after each addition. The 
same method and parameters were applied for cadmium and lead, except for the 
aliquots added, which were six aliquots of 40 µL each. 
 
20 mL of a potable water sample, from a tap in the laboratories of the University 
of the Western Cape, was analysed for copper, cadmium and lead using the same 
parameters as for the calibration curves. 
 
3.4. Selenium, vanadium and chromium by means of SWV on theBAS 100W 
Potentiostat 
The selenium, vanadium and chromium determinations were performed by SWV 
on the BAS 100W potentionstat using a boron-doped diamond working electrode 
(BDDE), platinum auxiliary electrode and a Ag/AgCl reference electrode. For 
each determination 3 mL of 0.1 M HCl was used as the electrolyte. The cell set-up 
was as in Figure 5. 
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40 ppm standard solutions were prepared from 1000 ppm selenium, vanadium and 
chromium solutions, using 0.1 M HCl. A voltammogram (with the parameters set 
out below) was run for 3 mL 0.1 M HCl (HCl blank).  
 
Square wave parameters 
Equipment used: BAS100W potentiostat 
Working electrode: BDDE 
Initial potential (mV): 0 
Final potential (mV): -1000 
Sensitivity (µA/V): 1  
Step potential (mV): 2 
Amplitude (mV): 25 
Frequency (Hz): 15 
 
A calibration curve was constructed for vanadium, using the standard addition 
method. Six aliquots of 20 µL copper were added to 3 mL 0.1 M HCl, up to a 
maximum of 120 µL (total volume added). A square wave voltammogram (with 
the same parameters as the HCl blank above) was run after each addition. The 
same method and parameters were applied for chromium.  
For selenium, the same method applied, but the parameters changed as follows: 
Final potential (mV): -2000 
Step potential (mV): 4 
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20 mL of a potable water sample, from a tap in the laboratories of the University 
of the Western Cape, was analysed for selenium using the same parameters as for 
the calibration curves. 
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CHAPTER 4 
 
4. Results and Discussion 
4.1. Trends in ICP-OES analysis of copper, cadmium, lead, chromium, 
vanadium and zinc 
 
 
Figure 6:Trend graph for copper for May to November 2009 
 
The typical concentration range for copper in a potable water sample on the ICP is 
between 2 and 12 µg/L, with an average of 5.59 µg/L. This is still within the 
SANS 241:2006 specification of < 1 000 µg/L for Class I. 
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Figure 7: Trend graph for cadmium for May to November 2009 
 
The typical concentration range for cadmiumin a potable water sample on the ICP 
is between 0 and 6 µg/L, with an average of 2.40 µg/L. For some analyses this 
will lie outside of the SANS 241:2006 specification of < 5 µg/L for Class I, but it 
will lie within the Class II specification of 5 – 10 µg/L. 
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Figure 8: Trend graph for lead for May to November 2009 
 
The typical concentration range for lead in a potable water sample on the ICP is 
between 0 and 8 µg/L, with an average of 3.39 µg/L. This is still within the SANS 
241:2006 specification of < 20 µg/L for Class I. 
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Figure 9: Trend graph for chromium for May to November 2009 
 
The typical concentration range for chromiumin a potable water sample on the 
ICP is between 0 and 8 µg/L, with an average of 4.61 µg/L. This is still within the 
SANS 241:2006 specification of < 100 µg/L for Class I. 
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Figure 10: Trend graph for vanadium for May to November 2009 
 
The typical concentration range for vanadium in a potable water sample on the 
ICP is between 0 and 6 µg/L, with an average of 2.16 µg/L. This is still within the 
SANS 241:2006 specification of < 200 µg/L for Class I. 
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Figure 11: Trend graph for zinc for May to November 2009 
 
The typical concentration range for zinc in a potable water sample on the ICP is 
between 2 and 15 µg/L, with an average of 6.22 µg/L. This is still within the 
SANS 241:2006 specification of < 5 mg/L for Class I. 
 
Seleniumin potable water is not currently analysed using the ICP-OES method. 
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4.2. Cyclic voltammetry 
CV was considered for copper, cadmium and lead, but from the voltammograms 
obtained it can be seen that the peaks are not distinct enough and therefore the 
method not sensitive enough to determine these metals at trace levels. 
 
 
 
Figure 12: Cyclic voltammogram of 2ppm copper standard at GCE in 0.1M HCl 
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Figure 13: Cyclic voltammogram of 2ppm cadmium standard at GCE in 0.1M 
HCl 
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Figure 14: Cyclic voltammogram of 2ppm lead standard at GCE in 0.1M HCl 
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4.3. Square wave voltammetry 
4.3.1. Copper 
 
Figure 15:Square wave voltammogram for copper 
 
SWV for copper was performed in the potential window from -1 300 to 100 mV. 
The copper peak was observed at ~ -50 mV, which compares reasonably well to 
the theoretical standard reduction potential from literature, i.e. 100mV[43]. The 
copper peaks are very broad and are shifting slightly. Difficulties in evaluation of 
the peaks may be experienced when investigating lower concentrations. 
Broadening of the peaks could be due to interference of a neighbouring element. 
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Table 5: Calibration data for copper 
Volume added (tot) 
µL 
Concentration 
µg/L 
Current 
µA 
20 20.0 2.28 
40 39.9 10.04 
60 59.8 19.34 
80 79.7 25.94 
100 99.5 32.84 
120 119.3 40.44 
140 139.0 47.34 
160 158.7 53.74 
 
 
 
Figure 16:Calibration curve for copper 
 
Good linearity is observed for the copper calibration curve. 
 
y = 0.370x - 4.166
R² = 0.998
0
10
20
30
40
50
60
0 20 40 60 80 100 120 140 160 180
I (
u
A
)
Conc (ug/l)  
Copper
 
 
 
 
 55 
 
Table 6: Results for copper in potable water sample 
Sample Volume 
mL 
Current 
µA 
Concentration 
µg/L 
20 6.36 28.4 
 
The concentration of the sample was determined by extrapolation from the 
calibration curve and reconfirmed by calculation with the linear equation. The 
concentration of copper obtained for the sample is within the SANS 241:2006 
Class I specifications (< 1 000 µg/L) but it is higher than the typical copper 
concentrations produced by the ICP-OES. 
 
4.3.2. Cadmium 
 
Figure 17:Square wave voltammogram for cadmium 
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SWV for cadmium was performed in the potential window from -1 300 to 0.1 
mV. The cadmium peak was observed at ~ -750 mV, which compares fairly well 
to the theoretical standard reduction potential from literature, i.e. -600 mV[43]. 
The cadmium peaks are much better defined and easier to evaluate than the copper 
peaks. The peaks also become more resolute with an increase in concentration, yet 
at lower concentrations evaluation is still possible. 
 
Table 7: Calibration data for cadmium 
Volume added (tot) 
µL 
Concentration 
µg/l 
Current 
µA 
40 39.9 28.4 
80 79.7 92.8 
120 119.3 168.2 
160 158.7 232.2 
200 198.0 307.2 
240 237.2 365.2 
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Figure 18:Calibration curve for cadmium 
 
Good linearity is observed for the cadmium calibration curve. 
 
Table 8: Results for cadmium in potable water sample 
Sample Volume 
mL 
Current 
µA 
Concentration 
µg/L 
20 0.766 24.3 
 
The concentration of the sample was determined by extrapolation from the 
calibration curve and reconfirmed by calculation with the linear equation. 
The concentration of cadmium for the potable water sample is higher than the 
SANS 241:2006 specifications (< 5 µg/L for Class I and , 5 – 10 µg/L for Class 
II) and the typical cadmium concentrations produced by the ICP-OES.  
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4.3.3. Lead 
 
Figure 19:Square wave voltammogram for lead 
 
SWV for lead was performed in the potential window from -1 300 to 0.1 mV. The 
lead peak was observed at ~ -500 mV, which compares well to the theoretical 
standard reduction potential from literature, i.e. -410 mV[43]. 
The resolution of the lead peaks is much better than the copper peaks obtained and 
with increasing concentration the peaks are shifting more towards the theoretical 
standard reduction potential. Because of the good resolution of the lowest 
concentration peak, exploration into lower concentrations seems possible. 
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Table 9: Calibration data for lead 
Volume added (tot) 
µL 
Concentration 
µg/l 
Current 
µA 
40 39.9 72.57 
80 79.7 121.97 
120 119.3 184.97 
160 158.7 230.97 
200 198.0 270.97 
240 237.2 328.97 
 
 
 
Figure 20:Calibration curve for lead 
 
Good linearity is observed for the lead calibration curve. 
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Table 10: Results for lead in potable water sample 
Sample Volume 
mL 
Current 
µA 
Concentration 
µg/L 
20 1.03 -17.3 
 
The concentration of the sample was determined by extrapolation from the 
calibration curve and reconfirmed by calculation with the linear equation. 
From the calibration curve and the result obtained for lead in the potable water 
sample it can be seen that the concentration range used for the construction of the 
calibration curve did not cover the sample of interest. This is a factor that requires 
careful consideration in the preparation of calibration curves in general and will 
be addressed in future experimental work.  
 
Table 11: Values obtained for potable water sample for copper, cadmium and 
lead 
Determinant 
Current 
µA 
Concentration 
µg/L 
Cu 6.36 28.4 
Cd 0.766 24.3 
Pb 1.03 -17.3 
 
The results obtained for the potable water samples are slightly higher than those 
observed using the ICP-OES method. This could be due to contamination or 
interference. It should be noted that no pre-treatment was done on the samples and 
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this could be the reason why the results are higher. Therefore, isolation of the 
respective analytes could significantly improve the results. 
 
4.3.4. Selenium 
 
Figure 21: Square wave voltammogram for selenium 
 
SWV for selenium was performed in the potential window from -2 000 to 0 mV. 
The selenium peak was observed at ~ 0 and -100 mV, which compares well to the 
theoretical standard reduction potential from literature, i.e. -60 mV[43]. The peaks 
are well defined and the peak heights increase with an increase in concentration, 
with the exception of the 1039 µg/L standard. Construction of a calibration curve 
(exempting the 1039 µg/L standard) yields the following: 
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Table 12: Calibration data for selenium 
Volume added (tot) 
µL 
Concentration 
µg/l 
Current 
µA 
20 264.9 2.581 
40 526.3 2.168 
60 784.3 3.421 
80 1039.0 1.694 
100 1290.3 3.491 
 
 
Figure 22: Calibration curve for selenium 
 
The calibration curve is not very linear, as can be seen visually and by the 
correlation coefficient. As selenium is not currently analysed on the ICP-OES the 
result obtained for the potable water sample cannot be compared. Further 
investigation into selenium determination of potable water by means of ICP-OES 
and SWV is advised. 
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Table 13: Results for selenium in potable water sample 
Sample Volume 
mL 
Current 
µA 
Concentration 
µg/L 
20 7.729 5122.5 
 
The concentration of the sample was determined by extrapolation from the 
calibration curve and reconfirmed by calculation with the linear equation.  
 
4.3.5. Vanadium 
 
Figure 23:Square wave voltammogram for vanadium 
 
SWV for vanadium was performed in the potential window from -1 000 to 0 mV. 
The vanadium peaks were observed at ~ -100 and -300 mV, which does not 
compare at all to the theoretical standard reduction potential from literature, i.e. -
1 100 mV[43].  Even though the peaks are well defined, it cannot be said that the 
peaks are those of vanadium. Further investigation into the determination of 
vanadium in potable water by means of SWV is advised. 
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Table 14: Calibration data for vanadium 
Volume added (tot) 
µL 
Concentration 
µg/l 
Current 
µA 
20 264.9 4.37 
40 526.3 3.59 
60 784.3 3.76 
80 1039.0 3.18 
100 1290.3 2.67 
120 1538.5 3.21 
 
 
 
Figure 24: Calibration curve for vanadium 
 
Evaluation of the calibration data shows that the data obtained for the vanadium 
investigation is of no value and justifies further studies. 
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4.3.6. Chromium 
 
Figure 25:Square wave voltammogram for chromium 
 
SWV for chromium was performed in the potential window from -1 000 to 0 mV. 
The chromium peaks were observed at ~ -100 and -300 mV, which compares 
poorly to the theoretical standard reduction potential from literature, i.e. -1 000 
mV[43]. The chromium peaks appear at the same potentials as the vanadium 
peaks, therefore further investigation into the determination of chromium in 
potable water by means of SWV is also advised. 
 
 
 
 
 
 
 
 
 
 
 
 
 66 
 
Table 15: Calibration data for chromium 
Volume added (tot) 
µL 
Concentration 
µg/l 
Current 
µA 
20 264.9 -0.71 
40 526.3 -28.12 
60 784.3 -0.96 
80 1039.0 -0.2 
100 1290.3 0.21 
120 1538.5 -0.71 
 
 
 
Figure 26: Calibration curve for chromium 
 
Evaluation of the calibration data shows that the data obtained for the chromium 
investigation is of no value and justifies further studies. 
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CHAPTER 5 
Conclusion 
The ICP-OES method that is currently used is fit for use in potable water 
monitoring, as prescribed by SANS 241:2006[39]. From the results obtained in 
this study, the ICP-OES method has proved that it can be used to analyse for trace 
metals, to a low concentration, within the SANS 241:2006 specifications.  
When exploring trace metal analyses specifically, many electrochemical 
techniques are preferred and from this study it can be seen that employing SWV is 
advantageous. Although the results obtained for copper is within the SANS 
241:2006 Class I specifications it is higher than the typical results obtained with 
the ICP-OES. The cadmium result for the potable water sample is higher than the 
SANS 241:2006 specifications as well as the typical ICP-OES results. Nothing 
conclusive can be said about these results as the analyses were performed on only 
one sample. This makes it extremely difficult to quantitatively compare the SWV 
method with the ICP-OES method. The copper, cadmium, lead and selenium 
peaks appear very close to the theoretical values, which indicate that these metals 
can be detected by SWV method, but further analysis with more samples is 
advised. Even though responses were observed for vanadium and chromium, it 
was not reliable and requires further investigation. Further studies into the 
analyses of zinc are also advised. 
With further validation and conformance to the guidelines and standards currently 
adhered to in the laboratory (SANS 241:2006 and ISO 17025:2005), the SWV 
technique could be used for monitoring of these trace metals at lower levels than 
what is currently possible with the ICP-OES. The analyses can even be extended 
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to the other water types that are currently being monitored by the laboratory. 
Because of the instrumentation’s easy portability, this SWV method could be used 
for on-line and field monitoring. Operator use is also simple and therefore training 
is effortless and competence capacity can be increased.  
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